~" Recently, a delayed hypersensitivity reaction to silicone plaaics has been demonstrated in some patients with breast and joint implants and subcutaneously injected silicone. In this study, the authors examined the internal surface of shunting systems to evaluate the cellular response to implanted silicone plastic. The distal peritoneal tubing from 20 patients with ventriculoperitoneal shunts was examined with a scanning electron microscope. Twelve tubes were removed because of documented distal shunt malfunction and eight for an elective lengthening procedure. Cultures of all tubing were negative. The catheters removed for malfunction contained a variety of cells: sometimes in clumps, sometimes associated with platelets and densely adherent to the silicone tubing wall. In several shunts, giant cells were seen with multiple foot processes adherent to the internal silicone surface. The internal surface of the tubing of two malfunctioning shunts was embedded in electron microscopy plastic and studied with transmission electron microscopy. The cells proved to be neutrophils with no evidence of silicone granules inside the cell bodies. The shunts removed for elective revision showed only a few cells, and those were never associated with platelets. There was proteinaceous material scattered on the internal surface of the tubing, but the cellular response was markedly different from that in malfunctioning shunts. The authors postulate that the findings in malfunctioning shunt tubing represent a delayed hypersensitivity to silicone similar to that seen with other types of silicone implants.
lLURE of a ventriculoperitoneal system is a frusrating problem for the neurosurgeon. Failure is usually due to infection, but failure of a sterile shunt may be due to ingrowth of material into the shunting system, to proximal catheter occlusion by debris, or to abdominal pseudocyst. Because recent data from other implant systems in human patients indicate that silicone plastic may provoke a delayed hypersensitivity reaction,~-3 our purpose in the study reported here was to determine whether a cellular response to silicone might also play a role in sterile shunt malfunction.
Materials and Methods
The study group consisted of 20 consecutive patients requiring surgical correction of a distal shunt-related problem, either shunt malfunction, or the need to lengthen the distal end of the shunt in a normally functioning system. The average age of the patients was 8.3 years (range 6 weeks to 73 years). The average duration of shunt implantation before revision was 39.1 months (range 1 to 108 months).
Specimens for culture were obtained intraoperatively from cerebrospinal fluid (CSF) and, when appropriate, from the wound. A 1-to 2-cm portion of distal shunt tubing was removed from a 4-to 5-cm section of the intact system proximal to the most distal segment. This specimen was gently washed in saline at room temperature, placed in cold 2.5% glutaraldehyde, and refrigerated.
After adequate time for fixation, the tubing was split longitudinally and placed on scanning electron microscopy (SEM) stage posts. Critical-point drying and shadowing were carried out as previously described by Lewis, eta[. 6 Later, the specimens were examined under low and high magnification on a Philips SEM-501 scanning electron microscope* and photographic records of representative fields were made for later review. In addition, several fields were embedded in epoxy resin, and the silicone tubing was then removed, leaving * Philips scanning electron microscope, Model SEM-501, manufactured by Philips Electronic Instruments, Inc., Mahwah, New Jersey. its inner surface in the resin. The resin blocks were sectioned into thick and thin sections with a diamond knife. These sections were examined with the Philips EM-400 transmission electron microscope (TEM),t and photographic records were made. A rating of the quality of debris and cell ingrowth was established (Table 1 ) .
Results
All specimens showed negative results on aerobic and anaerobic culturing. Among the 20 catheter specimens examined by SEM and TEM, a major difference was noted immediately between those removed due to a sterile shunt malfunction and those removed for elective revision (Tables 2 and 3 ). The eight catheters in the elective revision group had proteinaceous debris on the internal surface of the tube; the debris deposit was quite heavy in places and occasionally formed into t Philips transmission electron microscope, Model EM-400, manufactured by Philips Electronic Instruments, Inc., Mahwah, New Jersey.
plaques. A few cells were seen, primarily small single cells that were lymphocytes or small macrophages. In rare instances, clusters of two or three cells were found; no platelets were associated with those clusters and no giant cells were present (Fig. 1) .
In contrast, the 12 tubes that were removed because of sterile shunt malfunction had a greater number of cells overall. In many sections, there were cellular clumps containing platelets. Many of the cells were reactive, with foot processes attached to the internal Table 1 .
surface of the silicone tubing. In two instances, the cells had formed sheets that were peeling away from the internal surface of the tube (Figs. 2 and 3) . In all the tubes examined, the background shadowing of silicone exhibited multiple cracks. In some cases these cracks joined to give a "broken window" appearance. It was believed that these cracks represented breakage of an internal proteinaceous layer that was providing the substance necessary for cellular migration on the silicone. In one preparation (Case 13, Table 3 ), the tubing was incubated with a 1% solution of sodium dodecyl sulfate at 37~ for 2 hours to solubilize protein. After preparation, examination by SEM showed the cellular material to be gone but the cracks were still present. A further attempt to solubilize the proteinaceous ground layer with a protease and later with chloroform yielded similar results.
In one child with hydrocephalus due to intraventricular hemorrhage (Case 20, Table 3 ), shunts were removed at intervals of 1 to 4 months due to shunt failure. In every instance, multiple clusters of macrophages were seen within the tubes and, frequently, clumps of activated macrophages were also revealed.
Discussion
In the late 1940's, shunts composed of silicone polymers (Fig. 4) were first used subcutaneously. Silicone polymers appeared perfect for implantable prostheses, since they were nontoxic when administered by a variety of routes, 7 and they could be manufactured in many shapes and with great variation in elastic properties. Silicone plastic polymers are used today as breast implants, in reconstructive surgery, as vascular prostheses, in joint repair and replacement, and as CSF shunting systems for hydrocephalus. Despite the fact that silicone plastic has a low level of toxicity in the body, the substance is not totally inert. Irving, et al., 4 implanted fragments of pure silicone as well as silicone embedded with silver and barium into the inferior vena cava and muscle of the rat. After 6 months, a relatively avascular fibrous mass had formed around the silicone material. Formation of the fibrous mass appeared to be unaffected by the presence of the radiopaque materials in the plastic.
A clinically significant fibrous capsule is seen in 74% of patients with silicone breast implants weeks to months after implantation? Many of the cells seen in these capsules are macrophages that frequently resemble giant cells similar to those found in a foreign-body reaction? Interestingly, the fibrous reaction may only affect one implant in a patient with bilateral prostheses.
In 1974, Sugar and Bailey 8 reported two cases of subcutaneous fibrous tract formation along a silicone tube used in a CSF shunting system implanted in a hydrocephalic patient. This tract was primarily fibrous tissue with very few inflammatory cells. In 1978, Bass, et al., 2 reported seeing a dense inflammatory response with skin changes over a silicone arthroplasty of the great toe. Foreign-body giant cells and refractile particles were seen in the synovial fluid, and the refractile particles (believed to be silicone plastic) were also seen within macrophages. In 1983, Baldwin and Kaplan 1 reported the case of a 35-year-old woman who had developed multiple arthralgias, generalized weakness, cervical adenopathy, and weight loss after implantation of bilateral breast prostheses. Five years later, after the adverse effect of the implants was diagnosed, the prostheses were removed and the patient made a rapid and uneventful recovery.
An adjuvant stimulates the immune system in a nonspecific manner. The best known is Freund's adjuvant, which is an oil emulsion of killed mycobacteria. A variety of inorganic compounds, such as aluminum hydroxide, potassium aluminum sulfate, calcium phosphate, beryllium, and silicon are also known adjuvants. 1 The silicon from silicone plastic may act as an adjuvant and nonspecifically stimulate the response seen around implantable silicone polymers. Heggers, et al., 3 showed that in rats pretreated with subcutaneously injected silicone, rechallenging with silicone polymers caused a marked decrease in macrophage migration.
In the 20 silicone specimens that we examined, we observed a large ingrowth of cells along the interior surface of the shunt tube. We also noted cracking of the internal surfaces, which may represent rupture of an internal coating of proteinaceous material that provides an acceptable surface for cell migration.
There is also a marked difference in the cellular reaction seen in shunts that exhibit sterile malfunction and in shunts requiring a simple distal revision for foreshortening. The question as to whether the ingrowth caused the malfunction or the malfunction caused a decreased flow rate and a subsequent ingrowth of cells cannot be answered from the data we have obtained.
The degree of reactivity and giant cell response seen in the malfunctioning shunt is similar to the response due to delayed hypersensitivity seen in other siliconebased prosthetic devices.
Conclusions
Silicone plastics, like those used in the tubing for ventriculoperitoneal shunts, are relatively inert when implanted in the body. However, several recent reports of delayed hypersensitivity reactions to these plastics, as well as the presence of refractile particles in phagocytes, and passage between lymphocytes and macrophages 3 may help to explain the cellular migratory phenomenon that we have seen along the inner surfaces of these tubes. We suggest that a delayed immune hypersensitivity response like that observed with breast implants may help explain some of the sterile shunt system failures encountered in shunting for hydrocephalus.
The goals of our ongoing research are: to establish an animal model for use in studying the causative relationship between ingrowth of ceils and sterile malfunction of shunts; and to solubilize and identify the inner protein/glycoprotein ground layer that allows attachment of cells to the surface of the shunts.
